Autoimmunity has long been linked to myocarditis and its sequela, dilated cardiomyopathy, the leading causes of heart failure in young patients. However, the underlying mechanisms are poorly defined, with most clinical investigations focused on humoral autoimmunity as the target for intervention. Here, we show that the α-isoform of myosin heavy chain (α-MyHC, which is encoded by the gene Myh6) is the pathogenic autoantigen for CD4 + T cells in a spontaneous mouse model of myocarditis. Further, we found that Myh6 transcripts were absent in mouse medullary thymic epithelial cells (mTECs) and peripheral lymphoid stromal cells, which have been implicated in mediating central and peripheral T cell tolerance, respectively. Transgenic expression of α-MyHC in thymic epithelium conferred tolerance to cardiac myosin and prevented myocarditis, demonstrating that α-MyHC is a primary autoantigen in this disease process. Remarkably, we found that humans also lacked α-MyHC in mTECs and had high frequencies of α-MyHC-specific T cells in peripheral blood, with markedly augmented T cell responses to α-MyHC in patients with myocarditis. Since α-MyHC constitutes a small fraction of MyHC in human heart, these findings challenge the longstanding notion that autoimmune targeting of MyHC is due to its cardiac abundance and instead suggest that it is targeted as a result of impaired T cell tolerance mechanisms. These results thus support a role for T cell-specific therapies for myocarditis.
Introduction
Myocarditis is a major cause of heart disease in young patients and a common precursor of heart failure due to dilated cardiomyopathy (1) (2) (3) . The prognosis for dilated cardiomyopathy is poor, with approximately 40% patients either dying of this condition or requiring heart transplantation, a percentage that has remained unchanged despite decades of advancements in cardiovascular therapeutics (4) . Persistent autoimmune responses have been postulated to underlie the progression from myocarditis to dilated cardiomyopathy, and patients often develop autoantibodies to cardiac proteins. However, the role of autoantibodies in the pathogenesis of human dilated cardiomyopathy is unclear. Although strong evidence suggests that myocarditis is T cell-mediated in mouse models (5) (6) (7) (8) , there is a paucity of information about the specificity and role of T cells in human disease (9) .
Myocarditis has long been linked to viral infection, most notably coxsackievirus B3. Affected patients and coxsackie B3-infected mice develop autoantibodies to several cardiac antigens, the most prominent of which is myosin heavy chain (MyHC) (10) . Similar autoantibody responses have been observed in patients following myocardial infarction and other forms of cardiac injury (3) . These findings have supported the notion that the anti-myosin responses in myocarditis are induced not by the viruses themselves ("molecular mimicry") but by endogenous antigens released during virus-mediated cardiac damage (5, 11) . However, it has been argued that necrotic release of intracellular self antigens should not trigger adaptive immune responses because T cells specific for these antigens would normally be eliminated during negative selection in the thymus, a primary barrier against autoimmunity.
The heart expresses two closely related (93% amino acid sequence identity) isoforms of MyHC: α-MyHC, which is expressed exclusively in cardiac muscle, and β-MyHC, which is also expressed in skeletal muscle (ref. 12 and Figure 1A ). Immunization with cardiac myosin, but not skeletal myosin, results in CD4 + T cell-mediated myocarditis (5, 6) , and the pathogenic epitopes of cardiac myosin localize to sequences that are unique to α-MyHC (13, 14) . The dominant role of α-MyHC as an autoantigen in experimental myocarditis has been attributed to its cardiac-specific expression and abundance in rodent heart (15) . However, the basis for the enhanced immunogenicity of peptides unique to α-MyHC has not been defined. Moreover, the relevance of these findings to humans, in whom β-MyHC is the major isoform expressed in heart, is unclear.
Although viruses are considered an important etiological agent of myocarditis, the cause of disease in any given patient often remains unknown (16) . Alternatively, it has been postulated that some forms of human myocarditis are of primary autoimmune etiology. In support of this possibility are studies showing that patients with myocarditis and no evidence of viral genome in the myocardium benefit from immunosuppression (17) . We have reported that transgenic NOD mice that express the human MHC class II mol-ecule DQ8, instead of the mouse MHC class II molecule I-A g7 (hereafter, DQ8 + NOD mice), spontaneously develop autoimmune myocarditis with high-titer autoantibodies to MyHC and premature death due to heart failure, resembling human myocarditis (7, 8) . Since myocarditis in DQ8 + NOD mice did not require microbial or pathological injury triggers, this model prompted a reexamination of the mechanisms by which cardiac self tolerance is broken.
Here we show that α-MyHC is the pathogenic autoantigen for CD4 + T cells in spontaneous myocarditis. We demonstrate that transcripts for α-MyHC are absent in mouse thymic medullary epithelial cells (mTECs), which play a crucial role in the maintenance of self tolerance and prevention of autoimmunity (18) . We further show that transgenic expression of α-MyHC in thymus induced tolerance to cardiac myosin and prevented myocarditis. Remarkably, humans also lack expression of α-MyHC in mTECs, and patients with myocarditis show markedly elevated frequencies of α-MyHC-specific T cells in peripheral blood. Our studies indicate that impaired central tolerance to α-MyHC contributes to the pathogenesis of myocarditis in both mice and humans. These findings have diagnostic and therapeutic implications, and support a role for T cell-targeted therapies for this serious disease.
Results

Spontaneous myocarditis is initiated by immune responses directed against
α-MyHC. To investigate the earliest responses in myocarditis, we analyzed serial serum samples from the same DQ8 + NOD mice, beginning at approximately 4 weeks of age, by immunoblotting for IgG reactivity against a panel of mouse antigens that included cardiac myosin ( Figure 1B ) purified from adult heart (in which >90% of the total MyHC protein is α-MyHC; refs. 12, 19); skeletal myosin from hind limb soleus muscle, which does not contain α-MyHC but in which greater than 90% fibers express β-MyHC (20) ; whole heart lysates, cardiac troponin I; and cardiac troponin T ( Figure  1B ). Cardiac myosin and soleus myosin were prepared side-by-side using the identical purification protocols (ref. 8 and Supplemental Figure 2 ; supplemental material available online with this article; doi:10.1172/JCI44583DS1). We found that autoantibodies initially reacted only with cardiac myosin, but then, by 6 weeks of age, autoreactivity spread to both cardiac and skeletal myosin ( Figure 1B) . Subsequently, the autoantibodies targeted cardiac troponin T, and later cardiac troponin I (data not shown). These findings suggested that tolerance was initially lost to epitopes unique to the cardiac-specific α-isoform of MyHC, with the subsequent development of skeletal myosin-cross-reactive antibodies representing intramolecular epitope spreading to residues of α-MyHC shared with β-MyHC that is also expressed in soleus muscle, and finally, intermolecular spreading to other cardiac proteins.
To further confirm the isoform specificity of autoantibody recognition, we examined serial serum reactivity against cardiac myosins that varied in the relative amount of α- and β-MyHC expressed. Although α- and β-MyHC proteins are highly conserved between humans and mice ( Figure 1A and Supplemental Figure 1 ), β-MyHC is the dominant isoform expressed in adult human ventricle, constituting greater than 90% of the total MyHC protein (21) , whereas α-MyHC is the dominant isoform expressed in human atria (ref. 22 and Figure 1A ). We found that serum from 4-week-old DQ8 + NOD mice initially recognized human atrial cardiac myosin (huCM-A, Figure 1C ) and mouse cardiac myosin, but by 8 weeks, the reactivities diversified to include human ventricle cardiac myosin (huCM-V), human soleus myosin, and mouse sole- us myosin. Taken together, these findings showed that there was a hierarchy in the loss of humoral tolerance to cardiac autoantigens in spontaneous myocarditis, with the earliest responses focused on epitopes unique to α-MyHC.
Myocarditis develops in the absence of a humoral immune response. The early appearance of high-titer skeletal myosin-reactive autoantibodies contrasted with cardiac specificity of myocarditis, but was consistent with previous adoptive transfer studies showing that autoantibodies alone do not induce myocarditis (7, 8) . To further investigate the relative importance of T and B cells in disease initiation, we generated DQ8 + NOD mice lacking either αβ T cells (Cα -/-) or B cells (μMT -/-) and followed them for myocarditis until 37 weeks. In the absence of T cells, Cα -/-DQ8 + NOD mice were completely protected from myocarditis, with 100% survival (n = 14, P < 0.001 compared with DQ8 + NOD mice; Figure 2A ) and no evidence of cardiac infiltration ( Figure 2B ), a phenotype resembling the complete myocarditis protection we observed in T and B cell-deficient DQ8 + Rag -/-NOD mice (8) . In addition, none of the Cα -/-DQ8 + NOD mice developed autoantibodies to cardiac myosin (0 of 14 female mice at 37 weeks), confirming that production of these IgG autoantibodies is CD4 + T cell dependent. In contrast, B cell-deficient μMT -/-DQ8 + NOD mice developed myocarditis with lymphocytic infiltrates and cardiac thrombosis ( Figure 2B ). However, μMT -/-DQ8 + mice displayed better survival than B cell-sufficient μMT +/-DQ8 + littermates (P < 0.001; Figure  2A ). These findings show that although the initiation of myocarditis is T cell dependent, B cells also play an important role in disease progression, as has been observed in other T cell-mediated autoimmune diseases (23) .
CD4 + T cell clones and bulk T cells isolated from advanced myocarditis lesions specifically recognize α-MyHC. In view of the essential role of T cells and MHC class II molecules in spontaneous myocarditis and evidence that CD4 + T cells alone can transfer disease (24), we next sought to identify the autoantigenic target(s) of pathogenic CD4 + T cells. To achieve this, we isolated CD4 + T cell clones directly from myocarditis lesions of a 12-week-old female DQ8 + NOD mouse with high-titer myosin autoantibodies (>1:6,400) and cardiomegaly at autopsy, using a modification of the Langendorff perfusion procedure in combination with flow cytometry and single-cell sorting ( Figure 3A ). To limit potential in vitro antigen-driven selection biases, T cell clones were expanded and restimulated using concanavalin A (ConA) as a mitogen instead of target organ- or antigen-laden APCs. After several rounds of restimulation, 5 clones were generated, but only two (clone E and clone 2) grew sufficiently well for subsequent testing. Both clones responded to cardiac myocytes and showed strong dose-dependent proliferative responses to cardiac myosin ( Figure 3B ) but not soleus myosin. Since clone E showed better growth in culture, it was chosen for further characterization.
Enzyme-linked immunosorbent spot (ELISPOT) analyses revealed that clone E produced large amounts of IFN-γ, but no IL-4, in response to stimulation with cardiac myosin ( Figure 3C ), consistent with a Th1 phenotype. In contrast, no cytokines were produced in response to soleus myosin, consistent with the lack of responses in T cell proliferation assays ( Figure 3B ). Clone E also mounted strong responses to huCM-A, suggesting that the epitope within α-MyHC was conserved across species ( Figure 3D ). Of note, clone E recognized cardiac myosin only when presented on DQ8 + APCs but not on APCs expressing I-A g7 (WT NOD) ( Figure 3E ).
Further studies revealed that bulk T cells isolated from the hearts, cardiac draining lymph nodes, and spleens of DQ8 + NOD mice predominantly recognized α- but not β-MyHC ( Figure 3F and Supplemental Figure 3 ). Analysis of the cytokine profiles of bulk CD4 + T cells isolated from myocarditis lesions using intracellular cytokine staining for IFN-γ, TNF-α, IL-4, and IL-17 confirmed that the majority of cardiac-infiltrating cells predominantly secreted IFN-γ and TNF-α, with fewer cells producing IL-4 and very low frequencies or absence of IL-17-producing cells, which were not unmasked by incubation with PMA and ionomycin. Th1 effector responses dominated at all stages of disease progression, although increased frequencies of IL-4-producing cells were observed with advanced disease (Supplemental Figure 4) . Thus, the Th1 phenotype of clone E was representative of the majority of heart-infiltrating T cells.
Figure 2
Mortality from myocarditis in DQ8 + NOD mice (WT) in the absence of B cells or T cells. (A) Kaplan-Meier survival curves of female DQ8 + NOD μMT +/-, WT, μMT -/-, and Cα -/-mice followed through 37 weeks of age. The mortality from myocarditis did not differ statistically between DQ8 + NOD WT and μMT +/-mice but was significant (P < 0.001) in all other comparisons. (B) Heart histology shows the absence of infiltrates in Cα -/-DQ8 + NOD mice and severe lymphocytic infiltrates and cardiac thrombosis (T) in μMT -/-DQ8 + NOD mice. Original magnification, ×37.5.
α-MyHC-specific CD4 + T cell clones adoptively transfer myocarditis into immunodeficient recipients. We next tested the pathogenicity of clone E by adoptive transfer into lymphocyte-deficient DQ8 + Rag -/-NOD recipients (8) . Histological examination of the recipient hearts 21 days after injection of 2 × 10 7 clone E cells revealed severe myocarditis, with diffuse lymphocytic infiltration and myocyte destruction in the atria and more focal involvement of the ventricles (Figure 4A ). In addition, lymphocytic infiltrates were observed in the lung around the atrial-derived layers of cardiac muscle surrounding the pulmonary veins (pulmonary myocardium; Figure 4D , arrow), which is the first site of mononuclear cell (MNC) infiltration in spontaneous myocarditis (7) and expresses only α- but not β-MyHC (25) . Importantly, infiltrates were absent in skeletal muscle ( Figure 4B ), consistent with the cardiac specificity of this clone in vitro ( Figure 3 , B and C). A separate transfer of 1.5 × 10 7 clone E cells yielded identical results. Thus, adoptive transfer of clone E induced a pathological process that closely recapitulated the original disease process (7, 8) . Taken together, these data demonstrated that spontaneous myocarditis is mediated by α-MyHC-specific CD4 + Th1 cells.
Lack of expression of α-MyHC in both thymus and peripheral lymphoid organs. Although spontaneous islet-specific T cell responses are difficult to detect in humans and NOD mice, even in the setting of overt diabetes (26, 27) , we readily detected robust spontaneous cardiac myosin-specific T cell responses in splenocytes and cardiac draining lymph nodes of DQ8 + NOD mice, even in mice at the earliest stages of disease ( Figure 3F ). This suggested that cardiac myosin-specific T cells are present at a high frequency in the periphery.
Cardiac myosin is a dominant autoantigen in a diversity of other autoimmune heart conditions, including coxsackievirus B myocarditis, Chagas disease, heart rejection, post-commissurotomy, and post-myocardial infarction syndromes (3). This raised the question as to why cardiac myosin should be so highly predisposed to serve as an autoantigen. It has been suggested that tolerance might be less efficient to α-MyHC because it is a "late" self antigen that is not fully expressed in heart until several weeks after birth, whereas β-MyHC is abundantly expressed during fetal life and the early postnatal period (12) , when the bulk of the T cell repertoire is generated.
It is now widely recognized that the thymus, specifically mTECs, plays a crucial role in self-tolerance and prevention of organ-specific autoimmune disease by virtue of its ability to express a wide range of antigens previously considered to be expressed exclusively in peripheral tissues, including antigens that would otherwise be developmentally or spatially secluded from the immune system (18) . A search of two independently derived public databases of global gene analysis using Affymetrix GeneChip arrays revealed that expression of Myh6, encoding mouse α-MyHC, was absent or barely at detection limits in mTECs, whereas Myh7, encoding mouse β-MyHC, was clearly expressed ( Figure 5A and Supplemental Table 1 ). These discordant expression patterns were surprising, since promiscuously expressed genes frequently colocalize in large chromosomal clusters spanning up to 1 Mb (28), but Myh6 and Myh7 are located in close proximity (~4.5 kb apart) on the same chromosome (29) . Since it can be difficult with microarray analyses to determine the presence or absence of gene expression at the very low end of the expression range, we performed RT-PCR analyses on cDNAs generated from purified thymic stromal subsets from DQ8 + NOD mice; WT NOD mice, which do not develop spontaneous myocarditis (7, 8) but are susceptible to post-viral myocarditis (11); and myocarditis-resistant C57BL/6 (B6) mice (5, 10) . The purity of the subpopulations was confirmed by surface markers used for cell sorting (Supplemental Figure 5 ) and RT-PCR of indicator genes such as autoimmune regulator (Aire), cathepsins S and L, and known intrathymically expressed autoantigens ( Figure  5A ), and the specificity of amplification of Myh6 and Myh7 was confirmed with control tissues and cDNAs (Supplemental Figure 6 ). As expected, we readily detected transcripts encoding other cardiac proteins such as troponin I, troponin T, and β-MyHC in mTECs and other thymic cell subtypes. However, consistent with the microarray data, we were unable to detect α-MyHC transcripts in whole thymus or purified thymic cell subsets from B6, NOD, or DQ8 + NOD mice ( Figure 5A ). Thus, both microarray and RT-PCR analyses showed that Myh6 was absent or expressed at very low levels in the thymus. These findings were confirmed by real-time PCR assays of mTECs ( Figure 5B) .
Recently, expression of a range of clinically relevant tissue-specific antigens has also been reported in lymph node stromal cells (LNSCs) and extrathymic Aire-expressing cells (eTACs), which can mediate potent T cell deletional tolerance to antigens that are not expressed in the thymus (30) (31) (32) . Remarkably, we found that α-MyHC transcripts were not expressed in any of the 4 recently identified LNSC subsets, including fibroblastic reticular cells (FRCs, Figure 5C ) (33) and lymphatic endothelial cells (LECs) (34) . It was also relevant to assess MyHC expression in eTACs, since they express a set of Aire-regulated tissue-specific genes that are non-overlapping with mTECs (30) . But analysis of published microarrays (GEO GSE12388) showed that eTACs also did not express α-MyHC but did express low levels of β-MyHC, similar to the patterns observed in mTECs ( Figure 5A and Supplemental Table 2) .
Reduced tolerance to cardiac myosin. To test whether the absence of α-MyHC expression in thymus and peripheral lymphoid tissue correlated with impaired tolerance to cardiac myosin, we compared T cell responses of B6 and WT NOD mice in proliferative recall assays 9-10 days after immunization with mouse cardiac or soleus myosin in CFA. Analysis of the primed lymph node cells revealed markedly augmented T cell responsiveness to cardiac compared with soleus myosin in both strains, especially in NOD mice ( Figure 5, D and E) . However, the responses to soleus myosin, while attenuated, were not absent, consistent with the relatively modest levels of β-MyHC in mTECs ( Figure 5A ). Of note, paralleling these T cell responses, we observed high-titer IgG antibody production (titers 1:400-1,600) to cardiac myosin in 6 of 6 NOD mice immunized with cardiac myosin. These autoantibodies also recognized soleus myosin, albeit at lower titers (1:100), reminiscent of the epitope spreading observed in DQ8 + NOD mice (Figure 1) . In contrast, immunization with soleus myosin resulted in soleus myosin autoantibody positivity in only 1 of 6 mice, at low titers (1:100), consistent with findings in other mouse strains (5, 14) . These responses were not associated with histological evidence of myocarditis (or skeletal muscle myositis) in WT NOD mice, but the 10-day immunization course may not have provided sufficient time for pathological changes to become manifest. As expected, immunized B6 mice did not develop autoantibodies to either cardiac or skeletal myosin (5, 14) (data not shown).
Prevention of myocarditis by expression of α-MyHC in thymus. We next sought to test whether the lack of thymic α-MyHC expression contributes to the pathogenesis of myocarditis. The impor- tance of candidate autoantigens in organ-specific autoimmunity has traditionally been tested by the induction of tolerance though transgenic expression of self antigens via MHC class II promoters. However, this strategy typically results in the greatest expression in peripheral lymphoid organs, necessitating thymic transplantation and the production of bone marrow chimeras to prove the role of thymic self antigen expression in disease prevention (27) . We therefore took a different approach, using a recently described Tet-Off transgenic system (35, 36) to specifically target α-MyHC expression into the thymic epithelium of DQ8 + NOD mice. To this end, we first generated transgenic NOD mice carrying murine Myh6 cDNA (19) under the control of a TetO-CMV promoter ( Figure  6A ). These "TOM" reporter mice were then crossed with Eα-tTA ("TA") driver NOD mice, in which the MHC class II promoterdriven TetR-VP16 transcriptional activator (tTA) is fortuitously expressed only in TECs, with little or no expression in dendritic cells, macrophages, or LNSCs (35) . Analysis by Western blotting ( Figure 6B ) and TaqMan PCR ( Figure 6C ) revealed that recombinant α-MyHC protein and transcripts were produced in thymus of TOM + TA + NOD mice, with very little or no expression in spleen, lymph node, or other tissues and expression dependent on the driver transgene ( Figure 6C ). The TOM + TA + NOD transgenic lines were then bred into DQ8 + NOD mice to generate TOM + TA + mII -/-DQ8 + NOD mice (hereafter, TOM + TA + DQ8 + NOD mice).
Approximately 73% (66 of 90) of DQ8 + NOD WT mice and 77% (17of 22) of DQ8 + NOD (TOM + TA -DQ8 + or TOM -TA + DQ8 + ) lit-
Figure 5
Lack of expression of α-MyHC in thymic and LNSC subsets is associated with reduced T cell tolerance to cardiac myosin. (A) Expression of control and tissue-restricted genes in whole thymus, purified mTECs, cTECs, DCs, and macrophages (Mφ) from B6, NOD, and DQ8 + NOD mice was determined by RT-PCR. Values represent microarray data (see Supplemental Table 1 termates developed myosin autoantibodies by 10 weeks of age ( Figure 6D ). In contrast, myosin autoantibodies were not detectable in TOM + TA + DQ8 + mice (n = 10; P < 0.0001, compared with either DQ8 + NOD WT mice or DQ8 + NOD littermates), suggesting B cell tolerance to cardiac myosin. Likewise, splenic T cells from TOM + TA + DQ8 + NOD mice (n = 4 mice tested at age 12, 19, 20, and 22 weeks) did not respond to stimulation with cardiac myosin (Figure 6E ), but responded to anti-CD3 stimulation similarly to controls (Supplemental Figure 7) . Furthermore, TOM + TA + DQ8 + mice exhibited protection from myocarditis, with normal heart histology and no MNC infiltration ( Figure 6F shows the histology of a heart from a 19-week-old female TOM + TA + DQ8 + mouse and a TOM -TA + DQ8 + littermate). These results were similar for two independent TOM + founder lines (data not shown). Thus, induction of central tolerance to α-MyHC prevented or significantly delayed the development of myocarditis in DQ8 + NOD mice.
Interestingly, in contrast to previous tolerance studies (27) , T cell responses to cardiac myosin were detectable in TOM + TA + DQ8 + mice after immunization of cardiac myosin in CFA. However, the magnitude of the responses was markedly reduced compared with responses in a TOM + TA -DQ8 + littermate (Supplemental Figure 8) . Indeed, the amplitude of the responses was similar to the soleus myosin responses in soleus myosin-immunized TOM + TA -DQ8 + and TOM + TA + DQ8 + mice. These results thus suggested that in the immunization setting, α-MyHC-specific T cell responses in the thymic α-MyHC-expressing TOM + TA + DQ8 + NOD mice were reduced to the levels of β-MyHC responses, but the responses to β-MyHC remained intact.
α-MyHC is also excluded from central tolerance induction in humans. Given the high species conservation of tissue-specific antigen expression in the thymus (18, 37) but the inverse levels of α- and β-MyHC protein expression in mouse and human ventricle, it was of particular interest to examine whether the patterns of MyHC expression were conserved in mouse and human thymus. The range of expression levels was evaluated with the well-studied type 1 diabetes autoantigens GAD67 and GAD65 as positive and negative controls for human thymic tissue-specific antigen, respectively (ref. 37 and Figure 7A ). These studies showed that MYH6, encoding human α-MyHC, was barely and sometimes not detectable in human mTECs and cortical thymic epithelial cells (cTECs), whereas expression of MYH7, encoding human β-MyHC, was clearly present, albeit at the low end of the normal range, closely mirroring the patterns of Myh7 in mouse thymus ( Figure 5, A and B) . Thus, despite opposite expression levels of α- and β-MyHC in mouse and human heart, the thymic expression patterns were strictly conserved in both species. These data suggested that MYH6 was also a true "peripheral" autoantigen in humans. To investigate whether the lack of thymic expression of MYH6 correlated with enhanced T cell autoreactivity to α-MyHC in human peripheral blood, we performed ex vivo IFN-γ ELISPOT assays on fresh peripheral blood MNCs (26) from 3 patients with heart disease: Pt 1, a previously healthy 23-year-old male who presented in cardiogenic shock due to severe Epstein-Barr viral myocarditis; Pt 2, an 18-year-old male with type 1 diabetes and chronic heart failure due to dilated cardiomyopathy, whose endomyocardial biopsy revealed evidence of myocarditis; Pt 3, a 24-year-old female with type 1 diabetes, Hashimoto thyroiditis, and unexplained cardiac dysfunction; two healthy control male subjects: C 1 and C 2 (26 and 22 years old, respectively); and C 3, a 25-year-old male with type 1 diabetes but no clinical heart disease. While the magnitude of responses differed among these 6 individuals, the patterns were identical, with dose-dependent responses to huCM-A, whereas responses to huSM were similar to medium-alone ( Figure  7B ). Of note, healthy control subject C 1 showed almost identical IFN-γ responses to α- and β-MyHC in independent assays performed approximately 11 months apart (Supplemental Figure 9) , demonstrating the reproducibility of these findings. Strikingly, all 3 patients with heart disease showed markedly elevated frequencies of α-MyHC-specific T cells compared with the 3 control subjects without heart disease ( Figure 7B ). Since α-MyHC constitutes only approximately 7% of total MyHC protein in healthy adult human heart, with even lower levels in diabetes (38) and heart failure (21), these findings underscore that the autoimmune targeting of α-MyHC is primarily controlled by immunological tolerance mechanisms rather than by its abundance in heart.
Discussion
Our studies demonstrate that spontaneous myocarditis is initiated by immune responses directed against α-MyHC. We show that CD4 + T cell clones, along with bulk T cells from myocarditis lesions and peripheral lymphoid organs, predominantly recognize α- but not β-MyHC, consistent with the cardiac tissue specificity of this autoimmune disease process. We further show that α-MyHC-specific Th1 CD4 + T cell clones transfer myocarditis into DQ8 + Rag -/-NOD hosts, thus demonstrating that spontaneous myocarditis is caused by loss of CD4 + T cell tolerance to α-MyHC. Transcripts for α-MyHC were absent in both mouse and
Figure 7
Lack of thymic expression of α-MyHC (MYH6) is associated with impaired T cell tolerance to cardiac myosin in humans. (A) Relative expression levels of MYH6, MYH7, GAD65, and GAD67 were assessed by quantitative RT-PCR in purified human mTECs and cTECs and the respective control human tissues: heart atria, soleus muscle, and brain. Data from 3 human TEC samples are shown. Data were normalized to GAPDH, and relative expression was with respect to the control tissues. (B) IFN-γ ELISPOT analyses indicate that human peripheral blood MNCs respond to huCM-A but not to huSM. The panels show, from left to right, the mean ± SD of triplicate wells for each analysis on 3 patients with inflammatory heart disease (Pt 1: DR3, DR7; DQB1*0201,*0303, Pt 2: DR4, DR16; DQB1*0301,*0502, and Pt 3: DR3, DR4;DQB1*0201,*0302) and 3 subjects without clinical heart disease (C 1: DR1, DR3; DQB*0501, *0201; C 2: DQB1*0503, *0301, and C 3: DR3, DR7; DQB*0202, *0201). Representative IFN-γ responses of Pt 3 and C 3 are shown in the inset. Data in A and B are presented as mean ± SD.
human mTECs, with markedly increased frequencies of circulating α-MyHC-specific CD4 + T cells in mice and humans with myocarditis. Furthermore, we have shown that the transgenic expression of α-MyHC in thymic epithelium induced tolerance to cardiac myosin and prevented the development of myocarditis in DQ8 + NOD mice. These results point to a previously unrecognized role for thymic tolerance in conferring susceptibility to autoimmune heart disease in both humans and mice.
It has been reported that CD4 + T cells are the major effector cells in myocarditis in DQ8 + NOD mice (24, 39) . However, the antigen specificity of the pathogenic CD4 + T cells was not defined, and the T cell assays were performed with cardiac myosin isolated from porcine heart (7, 39) , which predominantly expresses β-MyHC (40) , so that the contribution of reactivity to α-MyHC was difficult to assess. In contrast to previous reports (7, 39) , we have shown that autoimmune myocarditis in DQ8 + NOD mice is associated with the rapid intra- and intermolecular spreading of autoreactive B cell responses. The use of highly purified antigens and longitudinal samples may have facilitated the early detection of epitope spreading in the current study. The early dissociation between the autoantigens targeted by T cells and autoantibodies highlights the key role of T cells in driving the cardiac specificity of this autoimmune disease process.
It is well established that thymic concentrations of tissue-specific antigens play a crucial role in susceptibility to organ-specific autoimmune diseases (18) . For example, inherited promoter variants that decrease expression of insulin transcripts in thymus of humans (IDDM2) are strongly linked to T1D susceptibility (41, 42) , and, conversely, thymic tolerance to transgenically overexpressed insulin in NOD mice dramatically reduces the incidence of diabetes (27) . Likewise, a single nucleotide polymorphism in the promoter region of the α-subunit of the muscle acetylcholine receptor, the pathogenic autoantigen of myasthenia gravis in humans, influences transcription levels of this receptor in thymus and correlates with the onset of disease (43) . In transgenic mice with defined copy numbers of intrathymically expressed autoantigens, subtle differences in expression levels - in the range of 2- to 4-fold - significantly modulated susceptibility to autoimmunity (44) . These and other studies have shown that all other variables being equal, individuals expressing self antigens at lower levels in the thymus are at higher risk for autoimmunity (18, 45) . The demonstration that α-MyHC expression was essentially absent in the thymus of both humans and mice, and furthermore that myocarditis was prevented by transgenic expression of α-MyHC in the thymus, points to the contribution of impaired central tolerance in the pathogenesis of myocarditis.
The high frequency of cardiac myosin-specific T cells in the normal immune repertoire suggests that active tolerance mechanisms in the periphery are essential for preventing ongoing myocarditis. While these immunoregulatory networks have not yet been defined, it is intriguing that α-MyHC was also absent in LNSCs and eTACs, which mediate deletional tolerance to tissue-specific self antigens that are not expressed in the thymus (30) (31) (32) (33) (34) . The heart is known to be richly endowed with tissue-resident dendritic cells (46) that can present cardiac-specific α-MyHC peptides to cognate CD4 + T cells under steady-state conditions (47) , suggesting the existence of alternative tolerogenic networks (48) , presumably in the cardiac-draining lymph nodes. The striking phenotype of fatal autoimmune myocarditis associated with high-titer cardiac myosin autoantibodies in mice depleted of Tregs highlights the need for such mechanisms (49) . It has been suggested that "natural" CD25 + Foxp3 + Tregs, the best-characterized mediators of tolerance so far, are generated on thymic epithelium (50, 51) , and it will therefore be of considerable interest to define whether the observed protection from myocarditis in TOM + TA + DQ8 + mice is due to "recessive" (deletional) or "dominant" (via the generation of Tregs) tolerance.
While we demonstrate that thymic expression of α-MyHC is sufficient to induce tolerance to cardiac myosin and protect from myocarditis, it should be noted that there are several other routes by which self antigens can access the thymus. It has been recently shown that about 50% of thymic DCs are immigrants, which may import and display self antigens from extrathymic sites (52) . In one model system, migratory DCs carried a cardiac-specific neoantigen (mOVA) to thymus with deletion of cognate transgenic CD4 + T cells (53) . However, ectopic thymic expression of mOVA transgene was not rigorously excluded by examination of purified stromal subsets (54) . It is therefore unclear to what extent migratory DCs might complement the set of tissue-restricted antigens presented by TECs. However, there are other settings in which thymic expression of self antigen is not required for the induction of central tolerance (32, 55, 56) .
The lack of α-MyHC in human thymus is consistent with our previous studies showing strong conservation in thymic expression of tissue-restricted self antigens between mice and humans (37) . One implication of this "hole" in the thymic self antigen repertoire is that healthy individuals in the general population might be at increased risk for developing cardiac autoimmunity. Our findings may explain why the heart is so commonly targeted by autoimmunity in settings that promote the breakdown of peripheral tolerance. For example, up to 50% of people develop anti-myosin responses following acute myocardial infarction (57) . While such reactions are transient and cease with infarct healing, our studies suggest that in autoimmune-prone patients, these reactions might become self-perpetuating and amplified, with pathological consequences.
In the absence of microbial triggers or pathological cardiac injury, what could trigger spontaneous myocarditis in DQ8 + NOD mice? While the initiating events of most autoimmune diseases are not fully understood, increasing evidence suggests that physiological or metabolic events that augment the presentation of self antigens can trigger T cell autosensitization. In the case of autoimmune diabetes in NOD mice, particular attention has been directed to the period of pancreatic remodeling and the physiological "wave" of β cell apoptosis observed at approximately 2 weeks of age that immediately precedes the onset of insulitis (58, 59 ). An analogous situation may be operative in the heart: shortly after birth, with the transition from fetal to neonatal circulation, there is a dramatic increase in workload, and the left ventricle undergoes profound physiological remodeling (60) , with a switch from a predominant "fetal" β-MyHC to a predominant "adult" α-MyHC expression (38) . It thus seems plausible that during this perinatal period, high-avidity ("forbidden") α-MyHC-specific T cells that have escaped thymic negative selection might become activated by the sudden exposure to large amounts α-MyHC. It is interesting to note that in humans, the highest incidence of myocarditis and pediatric cardiomyopathy is in the first year of life (2, 61), suggesting parallel disease mechanisms in mice and humans.
The development of spontaneous myocarditis in DQ8 + NOD mice, but not in WT (I-A g7 ) NOD mice, underscores the important role for DQ8 in conferring susceptibility to this disease process. Of note, no differences were found in the percentages of CD4 + CD25 + Foxp3 + Tregs in spleen, lymph nodes, or peripheral blood between DQ8 + NOD and WT NOD mice to account for this differential disease susceptibility, although small decreases in the thymic Treg percentage were observed in DQ8 + NOD compared with NOD WT mice (Supplemental Figure 10) . The lack of spontaneous myocarditis in WT NOD mice is surprising in view of the pronounced structural similarities in the antigen-binding pockets of the NOD I-A g7 and human DQ8 MHC class II molecules (62) , and the finding that the naturally processed peptides isolated from DQ8 and I-A g7 molecules share sequence specificities (63, 64) . However, while the peptide-binding specificities of DQ8 and I-A g7 are similar, they are not identical (64) . We postulate that the differential myocarditis susceptibility may be explained by the preferential ability of DQ8 to present pathogenic epitopes of α-MyHC that I-A g7 does not present. Clarification of the molecular basis for spontaneous myocarditis susceptibility in DQ8 + NOD mice awaits the identification of the α-MyHC epitope recognized by pathogenic DQ8-restricted CD4 + T cell clones.
The identification of key autoantigens and pathogenic pathways is a crucial step toward the development of specific intervention for autoimmune disease. Our data indicate that α-MyHC is an important autoantigen in human myocarditis and that lack of thymic CD4 + T cell tolerance to α-MyHC confers susceptibility to this serious condition. The low level of α-MyHC protein in the normal human heart and even lower abundance in the failing human heart (21) may provide an explanation for the patchiness of lymphocytic infiltrates in myocarditis and the difficulties in diagnosing myocarditis by endomyocardial biopsy (65) . Because even relatively subtle decreases in the amount of α-MyHC expression can profoundly compromise cardiac function (19, 66, 67) , the development of pathogenic α-MyHC-specific T cell infiltrates in the myocardium could pose particular challenges in humans. To date, most immunomodulatory strategies for myocarditis and idiopathic dilated cardiomyopathy have been directed against humoral autoimmunity (9). Our findings indicate that a more effective therapeutic approach would be to target autoreactive T cells.
washed, and 2 μg/ml biotinylated anti-human IFN-γ antibody was added to each well and incubated for 2 hours at 37°C. Plates were washed, and alkaline phosphatase-conjugated streptavidin was added to each well and incubated for 2 hours at 37°C. The plates were washed, and NBT solution was added to each well for 45 seconds at room temperature. The reactions were stopped by washing the plates under tap water. Spots were counted using an automated immunospot reader (Cellular Technology Ltd.). For clone E cells, ELISPOT assay was performed as above, except that clone E cells (1 × 10 4 cells/well) and irradiated DQ8 + NOD splenocytes (5 × 10 5 cells/well) were incubated directly in ELISPOT plates precoated with 5 μg/ml anti-mouse IFN-γ or IL-4 capture antibody at 37°C for 72 hours in AIM-V media supplemented with 50 μM 2-mercaptoethanol containing the indicated antigens.
Statistics. Data were analyzed using Excel (Microsoft) and Prism (GraphPad) software. An unpaired 2-tailed Student's t test was applied. P values less than 0.05 were considered significant.
